The effects of residues introduced during the transfer of chemical vapor deposited graphene from a Cu substrate to an insulating (SiO 2 ) substrate on the physical and electrical of the transferred graphene are studied. X-ray photoelectron spectroscopy and atomic force microscopy show that this residue can be substantially reduced by annealing in vacuum. The impact of the removal of poly(methyl methacrylate) residue on the electrical properties of graphene field effect devices is demonstrated, including a nearly 2 Â increase in average mobility from 1400 to 2700 cm 2 /Vs. The electrical results are compared with graphene doping measurements by Raman spectroscopy.
The effects of residues introduced during the transfer of chemical vapor deposited graphene from a Cu substrate to an insulating (SiO 2 ) substrate on the physical and electrical of the transferred graphene are studied. X-ray photoelectron spectroscopy and atomic force microscopy show that this residue can be substantially reduced by annealing in vacuum. The impact of the removal of poly(methyl methacrylate) residue on the electrical properties of graphene field effect devices is demonstrated, including a nearly 2 Â increase in average mobility from 1400 to 2700 cm Growth of graphene on Cu substrates using chemical vapor deposition (CVD) is a promising approach for production of large-area graphene for device applications. 1 Previous experimental reports have demonstrated that continuous coverage of a uniform single layer of graphene can be readily achieved and that field effect transistors (FETs) with carrier mobility ranging from 10 3 to 10 4 cm 2 /Vs have been reported. [2] [3] [4] In order to fabricate electrically isolated devices, graphene must be transferred from Cu to an insulating substrate, such as SiO 2 . Device fabrication including lithographic patterning of graphene is carried out after the films are transferred to the dielectric.
Reports of transferred CVD graphene devices to date indicate that extrinsic scattering dominates the device properties, resulting in room temperature field effect mobility ranging between 200 and 2500 cm 2 /Vs, and significant resistance-voltage hysteresis is also observed. [5] [6] [7] It is well known that graphene is sensitive to scattering from charged impurities. 8 Several mechanisms for transient charging resulting in DC hysteresis have been considered in recent work employing pulsed I-V measurements, with species such as H 2 O trapped at the graphene/SiO 2 interface being a likely cause. 7, 9 In the case of transferred CVD graphene, impurities and defects can be introduced during the transfer process. A common method for graphene transfer uses a polymer "handle" layer which comprises of spin-coated poly(methyl methacrylate) (PMMA) to support the graphene while the thin Cu substrate is etched away. 10 Removal of PMMA from graphene is problematic. Conventional semiconductor surface cleaning techniques cannot be employed as they inevitably damage or destroy the graphene layer. As a result, a common method employed for cleaning of graphene surfaces is annealing in a clean or reducing environment such as vacuum, H 2 /N 2 or H 2 /Ar. 5, 11, 12 Annealing in 1 atm of Ar at 200-400 C has been shown to lead to an increase in p-type doping in exfoliated graphene samples as measured by Raman spectroscopy; similar Raman results are presented in this work, but a decrease in p-type doping is observed for electrical measurements in vacuum. 13 In this Letter, the removal of PMMA from graphene by a combination of solvent (acetone) followed by vacuum annealing is studied. This process is examined using x-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and Raman spectroscopy in conjunction with electrical characterization of back-gated graphene field effect devices under vacuum.
The CVD graphene samples employed in this work are grown on 25 lm thick Cu foils (Alfa Aesar, 99.8% purity) in a halogen lamp-based quartz tube furnace at a growth temperature of 1035 C with 5 sccm of H 2 and 7 sccm of CH 4 flowing during growth with a total pressure of 400 Torr. Graphene grown by this method has a grain size of 10-20 lm as determined by scanning electron microscope imaging. The specific steps of the graphene transfer process are as follows. 1 First, PMMA (Aldrich, MW ¼ 996 kDa) dissolved in chlorobenzene with a concentration of 46 mg/mL is spin-coated on graphene on Cu at a spin speed of 3000 rpm for 1 min followed by 1000 rpm for 1 min (acceleration of 1000 rpm/s). The resulting PMMA thickness is approximately 50 nm. The sample is then dried at 25 C in laboratory ambient air for 12 h. The Cu substrate is etched in 3:1 DIW:HNO 3 for 1 min followed by etching in ammonium persulfate for approximately 3 h with the endpoint determined when Cu is no longer visible. The samples are then etched for an additional 15 h in a separate fresh ammonium persulfate bath to ensure that the Cu is completely removed. The resulting PMMA/graphene membrane is transferred to a rinse bath of isopropanol alcohol and is then drawn onto a SiO 2 substrate. The sample is then blown dry with N 2 , and baked in air on a hot plate at 220 C for 5 min, allowing the PMMA to reflow as it is baked. 10 Once the sample has cooled, PMMA is stripped using acetone at 25 C. Samples prepared using this method are referred to here as "transferred graphene." XPS spectra were collected using a monochromatic Al K x-ray source and Omicron EA125 hemispherical analyzer. The spectrometer was configured with an acceptance angle of 6 8 , a takeoff angle of 45 , and a 15 eV analyzer pass energy. In order to correctly fit the C 1 s XPS spectrum, the sp 2 C-C peak corresponding to graphene is modeled using the asymmetric Doniach-Sunjic (DS) line shape.
14 The XPS C 1 s spectrum of graphene on Cu prior to transfer (Fig. 1(a) ) can be described by a single DS component with a full width at half maximum (FWHM) of 0.71 eV. The graphene sp 2 components of the post-transfer C 1 s spectrum shown in Figs. 1(b) and 1(c) are described by constraining the line shape to have a FWHM of 0.71 eV. In the post-transfer C 1 s spectrum (Fig. 1(b) ), spectral components corresponding to PMMA can be clearly identified by peak fitting. This indicates that PMMA is not completely removed from the graphene surface by acetone during the cleaning process described above. To overcome this problem, a 300 C/3 h vacuum (1 Â 10 À9 mbar) anneal was employed. XPS analysis (Fig. 1) shows a clear reduction in the intensity of the C 1 s states associated with PMMA after annealing. The chemical states identified in Fig. 1 as (d) through (i) are attributed to functional groups of the PMMA molecule. 15 The post-anneal C 1 s spectrum indicates that some PMMA is still present suggesting that further process improvement to completely remove this residue is possible. 16 AFM images of a 5 Â 5 lm 2 area of the transferred graphene sample before and after annealing are shown in Fig. 2 . A rough surface is observed before annealing with a significant reduction in roughness and better uniformity after annealing.
Raman spectra were collected over a 40 Â 40 lm 2 area with 1 lm step size in ambient air using a Nicolet Almega XR spectrometer with a 532 nm laser excitation source. The maps were analyzed by fitting a single Lorentzian peak to the G, 2D, and D peaks of each spectrum after a linear background subtraction. After annealing, the mean position of the G (2D) peak is shifted by 5.8 cm À1 (2.8 cm
À1
). Histogram plots of these peak-position distributions are shown in (Figs. 3(a) and  3(b) ). The intensity ratio of the 2D and G peaks, I 2D /I G , decreases from a mean value of 3.63 before anneal to 2.72 after anneal (Fig. 3(c) ). The observed shifts in G and 2D peak positions as well as the decrease in I 2D /I G ratios are consistent with an increase in p-type doping after vacuum. 17, 18 The distribution of the D peak intensity is shown in Fig. 3(d) and indicates that there is no significant change after annealing.
Back gated FET devices were fabricated on CVD graphene, and mobilities were extracted 19 before and after annealing. The annealing was performed in a different chamber than the electrical measurement apparatus and the devices were, thus, briefly exposed to air prior to measurement in the vacuum probe station. Measurements of 18 devices were carried out at a vacuum pressure of 1 Â 10 À5 mbar after a 12-24 h pumpdown, with careful attention to potential systematic errors previously reported for mobility measurements. 19 A representative transfer curve is shown in Fig. 4(a) .
The as-transferred CVD graphene exhibits a shift of the minimum conductivity (MC) point to positive voltage and is attributed to p-type doping from fixed charge in the residual PMMA that also results in an increase in carrier scattering, reducing the field effect mobility of graphene. Field effect mobilities were measured with a mean value of 1413 cm 2 /Vs for these unannealed devices. Prior reports indicate that PMMA can be a source of p-type doping. [20] [21] [22] The interaction of oxygen, a PMMA constituent, as well as moisture with graphene has also been reported to result in p-type dopant effects. 18 Such species are anticipated to be effectively removed from the CVD graphene surface by suitable vacuum annealing. 5, 11, 12 Upon annealing, electrical measurements under vacuum indicate that there is a reduction in p-type doping, while Raman measurements indicate an increase in p-type doping. This apparent discrepancy is attributed to two competing effects. First, the vacuum anneal process results in the desorption of PMMA residue from the surface as well as potentially trapped H 2 O and/or O 2 at the graphene/SiO 2 interface and, thus, leads to a reduction in p-type doping. Second, large increase in p-type doping for Raman measurements carried out in air. A reduction of hysteresis in the DC R Total -V GS transfer curve (not shown) as well as increased symmetry about the MC point is also observed. Accordingly, the field effect mobility increased with a mean of 2714 cm 2 /Vs (Fig. 4(b) ). Moreover, the post-anneal negative shift of the MC point voltage (Fig. 4(c) ), the reduction of the carrier concentration (Fig. 4(d) ), and the removal of electron-hole conduction asymmetry 21 strongly suggest that the PMMA residue is substantially responsible for the p-type doping observed in transferred CVD graphene devices.
In order to more clearly distinguish the role of PMMA from other sources of scattering sources such as water trapped at the graphene/SiO 2 interface, PMMA was re-spun on the annealed devices and then removed using acetone/ IPA as described in the transfer process. After this step, the mobility dropped to a mean value of 2056 cm 2 /Vs, greater than the mean pre-anneal mobility but lower than the postanneal mobility (Fig. 4) . The electrical results after re-exposure to PMMA indicate that the residual PMMA clearly plays a significant role in p-type chemical doping of transferred CVD graphene, while trapped species at the graphene/SiO 2 interface are also important.
It is shown that vacuum annealing is an effective method for the reduction of PMMA residue from transferred CVD graphene. The removal of this residue leads to a 2 Â increase in carrier mobility. While PMMA residue plays a significant role in the mobility of transferred graphene, scattering from other charged species, such as adsorbed O 2 and trapped H 2 O, must also be considered. 
